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Abstract 
This paper eports an investigation on calcium efflux mechanism in ram sperm mitochondria. Energized sperm mitochondria t ke up 
Ca 2+ via the ruthenium-red sensitive uniporter, and possess a ruthenium-red insensitive ffiux mechanism. Extramitochondrial Na ÷ did 
not affect he rate of Ca 2+ efflux indicating that Na+/Ca 2÷ exchange mechanism is not involved. Depolarization of inner mitochondrial 
membrane induced by the uncoupler carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP) or by the organomercurial SH-reagent 
mersalyl, causes high stimulation in Ca 2÷ efflux. This stimulated Ca 2+ effiux determined in the presence of ruthenium-red and 
phosphate, is not inhibited by cyclosporin A (CSA), indicating that mitochondrial permeability transition pore (MTP) is not involved in 
this Ca 2+ efflux mechanism. The stimulated Ca z+ efflux is inhibited by ADP or atractyloside suggesting that the Ca 2+ transport 
mechanism ight be intrinsic to the ADP/ATP carrier (AAC). Thus, the data indicate that sperm mitochondria contain a Ca 2÷ efflux 
mechanism operated via AAC and regulated by mitochondrial membrane potential and by ADP concentration. 
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1. Introduction 
Sperm motility and acrosome reaction are regulated by 
changes in intracellular calcium concentrations ([Ca] i) [1- 
6]. The selection of calcium as an intracellular second 
messenger, equires precise regulation of its intracellular 
concentration. Proposed regulatory sites of spermatozoa 
intracellular calcium include both the plasma membrane 
[7-12] and the mitochondria [13,14]. Approximately 90% 
of the calcium that is taken up by ram or bull spermatozoa 
is accumulated in the mitochondria [ 1,13]. However, though 
several papers have described the systems involved in 
calcium influx into sperm mitochondria [14-16], little is 
known about the mechanism involved in calcium efflux 
from these mitochondria. In other tissues, the main efflux 
mechanisms described in the mitochondria include the 
electroneutral 2Na+/Ca  2+ exchanger in brain and heart 
Abbreviations: FCCP, carbonylcyanide p-ttifluoromethoxyphenyl hy- 
drazone; DMF, dimethylformamide; DMSO, dimethylsulfoxide; EGTA, 
ethylene glycol bis( [3-aminoethylether)-N,N,N',N'-tetraacetic cid; ATR, 
atractyloside; AW, electrical membrane potential; AAC, ADP/ATP car- 
tier; MTP, mitochondrial permeability ransition pore; CSA, cyclospotin 
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mitochondria [17-19] and 2 H+/Ca  2+ exchange reaction 
in liver mitochondria [20]. In addition, Ca 2÷ release may 
involve an nonspecific increase in membrane permeability 
[21]. It is well known that the inner membrane of the 
mitochondria may undergo permeability changes under 
certain conditions. This 'permeability transition' can be 
observed after Ca 2÷ accumulation in the presence of a 
wide variety of inducing agents with no obvious functional 
or structural features in common [34]. The permeability 
increase occurs due to the opening of unselective pores 
with a minimum diameter of 2.8 nm [35] which allows 
equilibration of solutes with molecular masses up to 1200 
daltons. It is now generally hypothesized that the transition 
is mediated by a proteinaceous pore (MTP) as first sug- 
gested by Hunter and Haworth [23,25,36]. This hypothesis 
was strongly supported by others [37,38] who suggested 
that the MTP is regulated by matrix Ca 2+ concentration, 
matrix pH and the transmembrane electrical potential dif- 
ference. 
Spermatozoa do not contain endoplasmic reticulum, and 
most of the transported Ca 2÷ is accumulated in the mito- 
chondria, therefore we assume that sperm mitochondria 
have a significant regulatory role in controlling [Ca] i. In 
the present investigation we describe for the first time data 
concerning the mechanism of Ca 2+ efflux in sperm mito- 
chondria. 
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2. Mater ia ls  and methods  3. Resul ts  
2.1. Sperm preparation 3.1. Calcium uptake by digitonin-treated spermatozoa 
Semen was collected from rams by artificial vagina, and 
was immediately diluted (1:1) with buffer A (110 mM 
NaC1, 5 mM KC1, 10 mM MOPS, pH 7.4). The cells were 
washed by three centrifugations at 780 × g for 10 min at 
25°C and resuspended in buffer A to a final concentration 
of (1-3) × 10 9 cell/ml. 
2.1.1. Digitonin treatment 
A solution of digitonin was added to 4 X 108 cell/ml to 
provide a final concentration of 187.5 /zM digitonin. After 
2 min at 25°C, when the sperm motility was completely 
stopped, the cells were centrifuged at 600 × g for 5 min at 
4°C. The pellet was resuspended in 1 ml of buffer M (250 
mM manitol, 70 mM sucrose, 10 mM TEA-Hepes, pH 7.4) 
and centrifuged again. The pellet was resuspended in 1 ml 
buffer M and kept in ice until use. 
2.1.2. Calcium uptake 
Uptake of 45Ca by cells was determined by the filtration 
technique. Digitonin permeabilized cells (1.5 × 108/ml) 
were incubated in buffer A containing 0.5 mM Na2HPO4, 
10 mM sodium lactate, 0.2 mM CaC12 and 1 /zCi/ml 
45CAC12 at 37°C. At indicated times, 50-/zl samples were 
quickly removed and immediately vacuum-filtered on 
GF /C  filters. The filters were then washed three times 
with 5 ml solution composed of 150 mM NaC1, 2 mM 
EGTA and 10 mM Tris (pH 7.4). The filters were dried 
and counted with 4 ml fl-Fluor (Lumac). Data are ex- 
pressed as the experimental value corrected for the calcium 
bound in the presence of the mitochondrial uncoupler 
FCCP. 
The isolation of coupled mitochondria from spermato- 
zoa is almost impossible because their separation requires 
drastic treatment to break the disulphide bridges which 
hold them together [22]. Therefore, in order to measure 
calcium transport in the mitochondria, we disrupted the 
sperm plasma membrane with digitonin under conditions 
by which the mitochondria s functionally intact. Digitonin 
treatment causes 6-fold increase in calcium uptake, which 
is completely blocked by ruthenium-red, an inhibitor of the 
mitochondrial calcium uniporter, or by FCCP, which is a 
mitochondrial uncoupler (Fig. 1). In addition, there is 
practically no calcium uptake into digitonin-treated cells, 
when the sperm mitochondrial substrate, lactate, was omit- 
ted from the incubation medium (Fig. 1). These data 
indicate that mitochondrial Ca 2+ transport can be deter- 
mined in digitonin-treated spermatozoa. This point was 
previously proven by us in bovine spermatozoa treated 
with filipin [14]. 
3.2. Calcium effiux from sperm mitochondria 
Calcium effiux was determined after centrifugation of 
the 45CAC12 loaded cells through phthalate esters (see 
Section 2). We found that after this treatment the uptake of 
Ca 2+ into the mitochondria is normal, indicating that the 
mitochondria is functionally intact and coupled (data not 
shown). 
The rate of calcium efflux from sperm mitochondria 
loaded with calcium is about 3 nmol/108 cells min (Fig. 
2). In heart mitochondria, the most active Ca 2+ effiux 
system is the Na+/Ca 2+ exchanger [54]. In sperm mito- 
chondria the rate of Ca 2 + effiux was not affected whether 
2.1.3. Calcium effiux 
Permeabilized spermatozoa were loaded with 45CAC12 
for 10 rain at 37°C, as described above. At the end of the 
incubation time, 0.25 ml of sperm suspension was layered 
on 0.5 ml of phthalate ster mixture (dibutyl phthalate/di- 
nonyl phthalate, 2/1)  that was layered on 0.1 ml buffer M 
containing 10 mM sodium lactate and 5/zM ruthenium-red, 
in polypropylene tubes. The tubes were centrifuged for 1 
min at 13 000 × g, 25°C. The supernatants were aspirated, 
the pellets were suspended in 0.3 ml buffer M containing 
10 mM sodium lactate and 5 /zM ruthenium-red and 
incubated in 37°C bath. At indicated times, 50 /xl samples 
were removed, washed and counted as described for Ca 2+ 
uptake determinations. 
Except where noted, the experiments shown were per- 
formed on a single preparation of sperm from one ram or 
pool from two rams and are representative of three or more 
experiments performed with other such preparations. 
Cyclosporine A was kindly donated by Sandoz. 
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Fig. 1. Calcium uptake by digitonin-treated spermatozoa. Digitonin-treated 
cells were incubated in the presence of 10 mM sodium lactate and 0.5 
mM Na2HPO 4(0) or in absence oflactate and phosphate (tq). or in the 
presence oflactate and phosphate and 5/~M ruthenium-red (•)  or in the 
presence of lactate, phosphate and 10 /~M FCCP (O). FCCP was 
dissolved in dimethylformamide/ethanol (3/1) and this solvent was 
added to the control ceils. 
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Fig. 2. Effect of phosphate on calcium efflux from sperm mitochondria. 
Calcium efflux from digitonin-treated spermatozoa were determined in
absence (©) or in the presence (0)  of 0.5 mM Na2HPO 4. Phosphate 
was added to buffer M in which the 45Ca loaded sperm were resuspended. 
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Fig. 4. Effect of atractyloside onmersalyl stimulated Ca 2+ efflux. The 
stimulatory effect of mersalyl on calcium efflux from digitonon-treated 
spermatozoa was determined in the presence of atractyloside that was 
added for 3 min incubation prior to the addition of mersalyl. The symbols 
are: control (©), 0.1 mM mersalyl (zx), 0.05 mM atractyloside +0.1 rnM 
mersalyl (D), 0.1 mM atractyloside + 0.1 mM mersalyl ( • ). 
Na + was present or absent in the incubation medium (data 
not shown). It was reported elsewhere, that phosphate 
stimulates the release of calcium from isolated mito- 
chondria [23-25]. The addition of 0.5 mM phosphate to 
sperm mitochondria did not change the rate of calcium 
efflux (Fig. 2). However, when the phosphate carrier of the 
sperm mitochondria was inhibited by mersalyl (11), the 
rate of calcium efflux was enhanced from 3-20 nmol/108 
cel ls -min,  and this effect is almost completely blocked 
when the permeabil ized cells were preincubated with 2 
mM ADP prior to the addition of mersalyl (Fig. 3). The 
addition of ADP after mersalyl did not affect the rate of 
Ca 2÷ efflux (data not shown). 
It was suggested elsewhere that under certain condi- 
tions, the adenine-nucleotide translocase (AAC) of the 
inner mitochondrial membrane served as non-specific pore 
which causes the increase in membrane permeability [26-  
29]. Inhibition of this translocase by atractyloside [30,31] 
causes complete inhibition of the mersalyl effect on cal- 
cium release from sperm mitochondria (Fig. 4). In many 
cells it was shown that atractyloside itself induces calcium 
release [26,27,29]. This is not the case in sperm mito- 
chondria, in which no effect of atractyloside itself on 
calcium release was found (see Fig. 5). 
The initial rate of calcium release from sperm mito- 
chondria is 8 fold increased by de-energization of the 
mitochondria with the uncoupler FCCP in the presence of 
ruthenium-red (Fig. 6). This effect of FCCP is slightly 
stimulated by including 0.5 mM with phosphate in the 
medium during Ca :+ efflux determination. Under these 
conditions, Ca z+ efflux was not affected by relatively high 
concentrations (0.2 or 2.0 /xM) of the MTP blocker, 
cyclosporin-A (Fig. 6). However, Ca 2÷ efflux induced by 
FCCP is 70% inhibited by 2 mM ADP and only 27% 
inhibition was found by the AAC blocker atractyloside 
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Fig. 3. Effect of mersalyl and ADP on calcium efflux. Calcium efflux 
from digitonin-treated spermatozoa were determined in absence (circles) 
or in the presence (triangles) of 0.1 mM mersalyl, that was added to 
buffer M in which the 45Ca loaded sperm were resuspended. ADP (2 mM 
was added for 3 min incubation prior to the addition of mersalyL The 
symbols are: control (O), mersalyl ( zx ), ADP + mersalyl ( • ). 
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Fig. 5. Effect of atractyloside on calcium efflux. Calcium efflux from 
digitonin-treated spermatozoa w s determined in the presence of 50 p~M 
atractyloside (zx), 100 p.M atractyloside (D) or without atractyloside 
(O). Atractyloside was added to buffer M, in which the 45Ca loaded cells 
were resuspended. 
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Fig. 6. Effect of FCCP on calcium efflux. Calcium efflux from digitonin- 
treated spermatozoa were determined in absence (O)  or in the presence 
of 10 ~M FCCP (A)  or 10 ~M FCCP+0.5 mM Na2ItPO 4 (0 ) ,  or 10 
~M FCCP+0.5 mM Na2HPO 4 +0.2 or 2.0 NM CSA (A). CSA was 
added 3 rain prior to the addition of FCCP. FCCP and CSA were 
dissolved in DMF/ethanol (3/1), therefore this solvent was added to the 
control cells. 
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Fig. 7. Effect of ADP and atractyloside on FCCP stimulated calcium 
efflux. The stimulatory effect of FCCP on calcium efflux from digitonin- 
treated spermatozoa were determined in the presence of ADP or atractylo- 
side that were added 3 min prior to the addition of FCCP. The symbols 
are: control (©), 10 p,M FCCP (zx), 2 mM ADP+ 10 p,M FCCP ( - ) ,  
0.1 mM atractyloside+10 /xM FCCP (0) .  The control cells contain 
DMF/ethanol (3/1) which is the solvent for FCCP. 
(Fig. 7). No effect of ADP was seen when it was added to 
the cells after the addition of FCCP (data not shown). 
4. Discussion 
The present data demonstrate hat sperm mitochondria 
possess the ability to retain and release calcium under 
certain conditions. The rate of calcium uptake into the 
mitochondria is 10 nmol/108 cells, rain, whereas the rate 
of calcium release is only 3 nmol/108 cells • min. Since 
the calcium uniporter was inhibited by ruthenium-red dur- 
ing the time of the determination of calcium release, we 
conclude that the mitochondria contain separate mecha- 
nisms for calcium influx and efflux. The rate of calcium 
effiux is highly enhanced by mersalyl or FCCP and this 
stimulation is inhibited by preincubation with ADP. The 
thiol-modifying agent mersalyl [39] and the uncoupler 
FCCP can depolarize the mitochondrial electrical mem- 
brane potential (less negative inside), and this will relieve 
the energy barrier for Ca 2+ extrusion from the mito- 
chondria. Thus, it seems that the driving force for Ca 2+ 
ejection under our conditions is the outward concentration 
gradient of calcium. 
We showed here that ruthenium-red or phosphate can- 
not induce high Ca 2+ release from sperm mitochondria 
unless membrane depolarization takes place by adding 
FCCP or mersalyl. FCCP is a well known mitochondrial 
uncoupler and the organomercurial mersalyl thiol-modify- 
ing agent can also uncouple the mitochondria [39] and can 
induce Ca 2+ effiux from it [40]. Mersalyl could also act 
directly on MTP because it has been shown to be modu- 
lated by oxidoreduction state of SH group [55]. In contra- 
diction to the properties reported for the permeability 
transition in liver mitochondria [38], we could not find 
inhibition of Ca 2+ effiux by cyclosporin A, at concentra- 
tion of 2 /zM which is 10 times higher than the normal 
inhibitory concentration. Thus, it seems that Ca 2 ÷ efflux in 
sperm mitochondria is not operated via MTP. We demon- 
strate here that Ca 2÷ loaded mitochondria can extrude 
sequestered calcium by depolarizing the electrical mem- 
brane potential when the Ca 2+ uniporter is blocked by 
ruthenium-red. 
Ruthenium-red prevents both Ca 2÷ efflux via the uni- 
porter and matrix acidification [38] indicating that sperm 
mitochondria probably contain a mechanism which is regu- 
lated by matrix Ca 2+, pH and the Aqt across the inner 
membrane. 
The stimulatory effect of mersalyl or FCCP on Ca 2+ 
efflux is inhibited by 2 mM ADP (see Figs. 3 and 7). It 
was previously shown that ADP, although in much lower 
concentration (2 /xM), inhibits Ca 2÷ efflux from heart 
mitochondria [41]. It was shown later that ADP (0.2 mM) 
inhibits Ca 2÷ effiux in brain mitochondria due to the 
inhibition of Pi effiux [42]. As can be seen, there is a 100 
times difference in ADP concentration between these two 
papers, indicating that the sensitivity towards ADP concen- 
tration might be different for mitochondria from various 
sources. It is important to recall that we are working here 
not with isolated pure mitochondria but with permeabilized 
cells, thus there are probably non-mitochondrial sites for 
ADP and we had to use a higher concentration of it in 
order to see the inhibitory effect. 
Since ADP inhibits Ca 2÷ efflux only when the perme- 
abilized cells were preincubated with ADP prior to the 
addition of mersalyl or FCCP, but not after it, we suggest 
that the enhancement in intramitochondrial ADP blocks 
the Ca 2÷ effiux. The determination of Ca 2+ efflux was 
performed in energized mitochondria (see Fig. 1), condi- 
tions by which ADP 3- can be transported into the mito- 
chondrial matrix in exchange for ATP 4-, via the electro- 
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genic ADP/ATP translocase. When the Aq: across the 
inner membrane is depolarized by mersalyl or FCCP, ADP 
is not accumulated in the mitochondrial matrix, therefore 
the addition of ADP under these conditions did not affect 
Ca 2÷ efflux. 
Thus we conclude that the Ca 2+ efflux mechanism in 
sperm mitochondria might be regulated by the concentra- 
tion of ADP in the matrix. 
It was suggested elsewhere that the MTP pore favors 
the closure position in the presence of ADP [43,44]. This 
pore may be the ADP/ATP carder (AAC) [26,27,45], in 
which stabilization of the nucleotide binding site in the 
cytoplasmic side (c-state) or treatment with thiol-modify- 
ing agents converts this carrier into a nonspecific hannel 
[26,27,45] that would allow Ca 2÷ and other matrix compo- 
nents to leave the mitochondrial matrix [40,46]. It has been 
suggested elsewhere that AAC is involved in brain and 
liver mitochondrial Ca 2÷ transport [32,33]. Our findings, 
which show inhibition by ADP of Ca 2+ efflux, suggest 
that the AAC might be involved in Ca 2- efflux in sperm 
mitochondria. Moreover, we found that Ca 2 ÷ efflux stimu- 
lated by mersalyl is completely blocked by atractyloside 
(ATR) (Fig. 4), which is a specific inhibitor of the AAC. 
There is a question, why atractyloside shows relatively 
small inhibition on Ca 2÷ efflux induced by the uncoupler 
FCCP. It is known that AAC can bind ATR only in the 
c-state [31]. Recently it was shown that mersalyl treatment 
of reconstituted AAC sensitizes this carrier toward ATR 
and ADP [49]. They found that in absence of mersalyl, the 
effect of ATR on this reconstituted AAC is very small. 
Thus, it is possible that :in sperm mitochondria mersalyl 
caused the AAC to be mostly in the c-state whereas with 
FCCP the AAC is mainly in the m-state. Therefore, the 
effect of mersalyl on Ca R÷ efflux is completely inhibited 
by ATR or ADP and the effect of FCCP is only partially 
blocked. 
The effect of mersalyl on AAC should be due to 
interaction with cysteines. It was proposed that Cys-159 is 
located in the AAC near a cluster of net positive charge 
[50] which was suggested to function as a gate for trans- 
port [51]. The adenine nucleotide binding site was local- 
ized near this cluster [52,53]. It was proposed that mersalyl 
anion might be attracted to the positively charged site and, 
thus, open the gate and react with Cys-159 [49]. As a 
result, the AAC can transfer H ÷ and depolarize the mem- 
brane potential across the inner mitochondrial membrane. 
The mitochondrial Ca 2÷ efflux mechanism is involved 
in the regulation of intracellular Ca 2÷ concentration [56- 
58]. In a previous publication, we showed that FCCP 
stimulates the occurrence of the Ca2+-dependent acrosomal 
exocytosis in ram spermatozoa [47]. In addition, in the 
presence of the K+-ionophore, valinomycin, FCCP stimu- 
lates Ca 2÷ uptake by ram sperm, suggesting the possible 
existence of Ca2+-dependent Ca2÷ influx mechanism in 
these cells [47]. Such a mechanism for Ca 2÷ influx also 
exists in human spermatozoa [48]. Thus, induction of 
mitochondrial Ca 2+ efflux might be important for sperm 
functions. 
It is well known that sperm motility is regulated by 
calcium [1], and the mitochondria might be an important 
part of this regulation. In previous publications, we have 
indicated a role for sperm mitochondrial A# in regulating 
Ca 2÷ uptake into the cells [11,12,14]. In the present work, 
we suggest hat depolarization of this a~ causes Ca 2÷ 
efflux from the mitochondria. 
In conclusion, we suggest that sperm mitochondria reg- 
ulate intracellular Ca 2÷ concentration by a mechanism 
which depends upon the A~" across the inner membrane. 
When the mitochondria is energized, the A~ (negative 
inside) supports Ca 2+ influx, and by depolarization of the 
A# (positive inside), Ca 2÷ influx is stopped and Ca 2÷ 
efflux is prominent. The Ca 2÷ efflux mechanism, which is 
probably the ADP/ATP translocase, is regulated by the 
concentration f ADP in the mitochondrial matrix. 
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